Paraguay tea is a native crop of southern Brazil and is also socioeconomically important in Paraguay and Argentina. One of the main pests of this crop is Gyropsylla spegazziniana (Hemiptera: Psyllidae). As there are no registered insecticides for this pest in Brazil, the use of entomopathogenic fungi is an alternative method for its control. This study aimed to evaluate and characterize isolates of the entomopathogenic fungi Beauveria spp., Metarhizium anisopliae, Isaria spp. and Lecanicillium spp. on G. spegazziniana. For this purpose, 5 th instar nymphs were transferred to Paraguay tea seedlings, followed by spraying of conidial suspensions (1 × 10 9 conidia mL -1 ) and then placing the seedlings in polyvinyl chloride (PVC) cages and maintaining them in a temperature-controlled room (26 ± 1°C, 12h00 photophase, 60 ± 10% R.H.). Insect mortality was evaluated daily for 10 days, and the selected isolates were characterized according to their vegetative growth, conidial production in synthetic culture medium and rice and insecticidal activity as well as through molecular analyses, including sequencing the rDNA-ITS region and RAPD analysis. The genus Beauveria spp. was the most efficient, particularly the Unioeste 44 isolate, which caused the greatest total mortality of G. spegazziniana (81.7%) and showed among the highest conidial production levels on rice, indicating a significant potential to be used in an integrated management program for this pest. Molecular analysis of the rDNA-ITS region allowed the isolates to be identified as B. bassiana and B. brongniartii, and RAPD markers were found to be associated with virulence. Key words: Biological control, Ilex paraguariensis, rDNA-ITS
Introduction
Paraguay tea (Ilex paraguariensis St. Hil.) has great socioeconomic importance in Argentina, Paraguay and Brazil (southern region). Brazil produced almost 500,000 tons of this product in 2012 (IBGE 2014) . Paraguay tea leaves and twigs are used to prepare tea and soluble powder (an instant tea powder) and as a raw material for medicines and cosmetics (ANUÁRIO BRASILEIRO DA ERVA-MATE, 2000; IBGE, 2014) .
Intensive extractivism of native Paraguay tea and the expansion of agricultural frontiers led to scarcity of this plant, and in the 1970s, Paraguay tea began to be grown in extensive monoculture systems. In parallel, the use of pesticides that are not registered and/or recommended for crops contributes to the formation of an ecologically unbalanced environment, favoring the emergence of pests, including the borer Hedypathes betulinus, the Paraguay tea psyllid, Gyropsylla spegazziniana, the red mite Oligonychus yorthesi (Acari: Tetranychidae), and the caterpillars Thelosia camina (Lepidoptera: Eupterotidae) and Hylesia sp. (Lepidoptera: Hemileucidae) (IEDE; MACHADO, 1989; SAINI; DE COLL, 1993; DIAZ, 1997; BORGES et al., 2003) .
G. spegazziniana (Psyllidae), or the "Paraguay tea ampul", is an important pest of this crop because it causes deformation of the young leaves where nymph develops, with the leaves falling off after several weeks. There are few studies on the damage caused by this insect to the crop. In Brazil, the losses from this pest can be nearly 54%, whereas they are up to 35% in Argentina (RIVERA FLORES, 1983; CHIARADIA et al., 2000) . However, despite the importance of this pest, there are few available studies on G. spegazziniana, which have been focused on only determining its population dynamics (BORGES et al., 2003; ZANOL, 2001; LEITE et al., 2007) .
There are no products registered for the control of G. spegazziniana in Brazil (AGROFIT, 2014) , indicating the need to search for new control strategies. In this context, studies conducted in Brazil have shown the potential of vegetal extracts (BARZOTTO, 2010; HAAS et al., 2010) , and the entomopathogenic fungus Zoophthora radicans (Brefeld) has been observed on 90% of G. spegazziniana cadavers in Paraguay tea plantations in Brazil and Argentina (ALVES et al., 2009; SOSA-GÓMEZ et al., 1994) . Additionally, the susceptibility of G. spegazziniana to Beauveria bassiana isolates was recently demonstrated for the first time, revealing encouraging results (ALVES et al., 2013) . So, as done by Ugine et al. (2013) , this new interaction must be investigated not only for testing the virulence of the different isolates, but also for the biological characterization, assessing their microbial biocontrol potential.
Thus, entomopathogenic fungi, particularly B. bassiana, might represent an economical and environmentally suitable option for pest control in Paraguay tea, as has been shown for the borer H. betulinus and the red mite O. yothersi (OLIVEIRA et al., 2002; BORGES et al., 2011; AGROFIT, 2014) . Hence, in the present study, we conducted analyses to select and characterize isolates of entomopathogenic fungi to control the Paraguay tea ampul.
Materials and Methods

Fungal isolates
Isolates of the entomopathogenic fungi Beauveria spp., Metarhizium anisopliae, Isaria spp. and Lecanicillium spp. (Table 1) were evaluated against G. spegazziniana, and the most effective isolates (causing mortality above 50%) were compared based on a number of biological parameters (vegetative growth, conidial production in culture media and on rice, and insecticidal activity). Molecular characterization was performed with the aim of comparing the best isolates (highvirulence) with some low-virulence isolates.
Insects
Paraguay tea branches with closed galls were collected from a crop in Cascavel, PR (24º 57' 21"; 53º 27' 19" W) , and 5 th -instar nymphs (the last instar) were transferred to Paraguay tea plants with a height of approximately 15 cm at a density of 20 nymphs per seedling, with the aid of a moistened brush. The choice of last-instar nymphs was because when they leave galls ZANOL, 2001) would come into contact with the fungus applied in the field, in addition to being more resistant to manipulation.
Insect assays
Pre-selection
Pathogenic isolates were selected based on bioassays carried out in the laboratory. All isolates were grown in sporulation medium (SM; consisting of 0.36 g KH 2 PO 4 , 1.05 g Na 2 HPO 4 ·7H 2 O, 0.6 g MgSO 4 ·7H 2 O, 1 g KCl, 10 g glucose, 1.58 g NaNO 3 , 5 g yeast extract, and 20 g agar in 1000 mL of water) for conidial production. After incubation for 10 days (26 ± 1°C, 12h photoperiod), conidia were scraped off the surface of the culture medium and transferred to flat-bottom vials. The conidial concentration was estimated by counting in Neubauer chamber. A conidial suspension with 1 × 10 9 conidia mL -1 was achieved by adding distilled water + 0.01% Tween 80 . Conidial viability was evaluated, and values higher than 90% were observed.
Samples containing 2 mL of each isolate suspension with 1 × 10 9 viable conidia mL -1 were sprayed onto seedlings harboring twenty insects, using an airbrush coupled to an air compressor (0.7 kgf cm -2 ) at a distance of 10 cm from the seedlings. As a control, the seedlings were sprayed with distilled water + 0.01% Tween 80.
Individual Paraguay tea seedlings were placed in colorless polyvinyl chloride (PVC) cages (13 cm diameter × 40 cm height) and maintained in an acclimatized room at 26 ± 1°C under a 12h photoperiod and 60 ± 10% RH. For each isolate, four seedlings were prepared, and each was considered a replicate. All experiments were performed in quadruplicate and were repeated twice. The cages were analyzed daily for a period of 10 days. Dead insects were removed, immersed in a 70% alcohol solution, for 10 seconds, and placed in a humid chamber, under the same conditions describe above, to allow sporulation and confirm mortality caused by the fungus. Insects that showed no signs of fungal were transferred to oatmeal-dodine medium, as described by Alves et al. (1998) , and incubated under the same conditions to isolate the fungus from cadavers. In this first phase of the study, only isolates that achieved 50% total mortality were selected for the biological characterization bioassays.
Biological characterization
The pre-selected isolates were characterized according to their growth and sporulation in culture media (SM and cooked rice) and their insecticidal activity.
On the media, the isolates were inoculated at three equidistant points on the surface of SM, with 5 replicates (plates) being performed per treatment, and after 7 days of incubation (26 ± 1°C, 12h photoperiod), the mean diameter (cm) of two randomly selected colonies per plate was measured. For conidial production, these colonies were cut out from the culture media and placed in a test tube containing 10 mL of sterile distilled water + 0.01% Tween 80. The tubes were stirred for one minute in a vortex mixer to extract the conidia from medium surface and quantified in a Neubauer chamber under 400× magnification.
Cooked rice was prepared in polypropylene plastic bags (22 cm wide × 35 cm height) containing 100 g of parboiled rice + 20 mL of distilled water. The bags were sealed and autoclaved (30 minutes at 120°C), and after cooling, each bag received 10 mL of a conidial suspension (1 × 10 8 conidia mL -1 ). After shacked, the bags were incubated at 26 ± 1°C under a 12h photoperiod for 7 days. For each isolate, five bags (replicates) were prepared. Three 1 g samples were collected from each isolate on rice. These samples were transferred to glass tubes with 10 mL of sterile distilled water + 0.01% Tween 80. After vortexing for 1 minute, quantification was carried out in a Neubauer chamber.
The insecticidal activity of the isolates was compared using an experimental methodology similar to that described in the pre-selection experiments, except that the twenty 5 th -instar nymphs were placed in plastic Petri dishes, and 1 mL of a suspension of 1 × 10 9 viable conidia mL -1 was sprayed directly on them using a Potter Tower (0.7 kgf cm -2
), which was a sufficient quantity to cover all of the nymphs on plate. The goal of this experiment was fully expose the insects to the entomopathogenic fungus. Then, the insects were transferred to Paraguay tea seedlings. As a control, spraying was performed using only distilled water + 0.01% Tween 80. The treatments were prepared with 4 replicates and were evaluated daily for 10 days, considering the cumulative total mortality on the 3 rd , 6 th and 10 th days. The experiments were repeated twice.
Statistical analysis
The data were subjected to a test of normality using the Shapiro-Wilk test and analyzed via oneway ANOVA, and means were compared with the Tukey test (P < 0.05), using the statistical program Sisvar (FERREIRA, 2011) . The insecticidal activity data were analyzed under factorial design consisting of five treatments and three different evaluation times. The data were previously arcsin (√x/100) transformed.
Molecular characterization
Only Beauveria spp. isolates caused mortality of G. spegazziniana, and 9 of them were subjected to molecular characterization. These isolates were the 4 best pre-selected isolates (high-virulence) and the 5 lowest virulence isolates, which were chosen because they were collected from different locations and because were found naturally parasitize different insect species in the field (Table 1) . There are many studies evaluating entomopathogenic fungi on the insect pests of various crops. However, in Brazil, the genetic variability of these fungi is poorly known. Thus, in the present study, the molecular characterization of the Beauveria spp. isolates was aimed to determining whether there is a relationship between the initial host, virulence and geographical origin. The isolates were selected by sequencing the rDNA-ITS region and RAPD markers to verify the relationship between the molecular profile of the isolates and their geographical origins, initial hosts and virulence in Paraguay tea ampul. For DNA extraction, suspensions of 1 × 10 8 conidia mL -1 from the selected isolates were inoculated into Erlenmeyer flasks containing 150 mL of liquid SM, followed by incubation for 72h at 120 rpm and 26 ± 1ºC. Subsequently, the mycelium was collected on a Buchner filter, then washed with sterile distilled water and stored at -20°C until extraction. The genomic DNA of the isolates was extracted according to the methodology described by Azevedo et al. (2000) , with some modifications.
For the amplification and sequencing of the rDNA-ITS region, the primers ITS 1 (TCC GTA GGT GAA CCT GCG G) and ITS 4 (TCC TCC GCT TAT TGA TAT GC) were used as forward and reverse primers, respectively (WHITE et al., 1990) . Amplification reactions were performed in a 25 μl volume, containing 2.5 μl PCR buffer (200 mM Tris-HCl, pH 8.4, 500 mM KCl, 10 × concentrate), 1.2 μl MgCl 2 (50 mM), 5.0 μl dNTPs (1.5 mM), 1 μl of each primer (50 mM), 0.2 μl Taq DNA polymerase (5 U μl -1 ) and 20 ng genomic DNA, in a thermocycler . The amplification program consisted of an initial temperature of 95°C 3 min -1 , followed by 35 cycles at 94°C 1 min -1
, 57°C 1 min -1 , and 72°C min -1 , with a final step at 72°C 3 min -1 . The PCR products were purified with the Wizard ® SV Gel and PCR Clean-Up System Kit (Promega), and sequencing was performed with the BigDye ® Terminator v3.1 Cycle Sequencing Kit using an ABI 3730 DNA Analyzer. Nucleotide sequences were deposited in GenBank (accession numbers: KC004059 -KC004067) and organized into contigs using Phred (EWING et al., 1998) , Phrap (www.phrap.org) and Consed (GORDON et al., 1998) software and compared with the GenBank database. Sequence alignments were analyzed with the software Clustal X-1.83 (THOMPSON et al., 1997) . A phylogenetic tree was constructed using the Mega 4.0 program (KUMAR et al., 2004) with the neighbor-joining algorithm (SAITOU; NEI, 1987) , through the analysis of 1,000 bootstraps.
For the analysis of RAPD profiles, 13 primers (Operon Technologies ® ) that showed consistent banding patterns were selected: OPA 13, OPB 1, OPB 8, OPD 2, OPD 3, OPE 1, OPE 7, OPE 16, OPQ 2, OPQ3, OPZ 19, OPAC 3 and OPAC 9. The reaction mixture was prepared in a 25 μl volume [2,5 μl PCR buffer (200 mM Tris-HCl, pH 8.8, 500 mM KCl, concentrated 10 ×), 1.5 μl MgCl 2 (50 mM), 2.5 μl dNTP (2.5 mM), 1 μl of each primer (100 μM ), 0.2 μl Taq DNA polymerase (5 U/μl) and 1 μl DNA (20 ng . Then, the samples were analyzed in 1.4% agarose gels (100 V) using a 1 Kb Plus DNA Ladder (Life Technologies ® ) as a molecular weight marker; these gels were stained with 10 mg mL -1 of ethidium bromide and photographed using a UV light source (L Pix Loccus Biotechnology).
The data were analyzed using Bionumerics software (Applied Mathematics, Kortrijk, Belgium, version 2.0). Cluster analyses among the isolates were carried out using the UPGMA method (unweighted pair group method algorithm) and the Jaccard coefficient, at a tolerance level of 3%. 
Results and Discussion
Pre-selection
All of the isolates were pathogenic with wide variation among their activities (total mortality ranged from 5.8 to 81.7% and confirmed mortality between 0 and 37.0%). Only four isolates showed total mortality values above 50% and higher values of confirmed mortality, which were selected for the second phase of the study (Unioeste 44, Unioeste 38, CG 716 and CNPSo 134). No mortality was observed in the control. The other fungal species evaluated did not reach 30% total mortality (Table 1 ).
The ability of the fungi to develop the complete cycle is different for each insect, and low percentages of confirmed mortality have frequently been observed, as in studies evaluating the activity of different entomopathogenic fungi against Mahanarva fimbriolata (Stål) (Hemiptera: Cercopidae) and Collaria scenica (Hemiptera: Miridae) (LOUREIRO et al., 2005; BARBOZA et al., 2011) , whereas in a study with Tetraleurodes acaciae (Quaintance) (Insecta, Hemiptera: Aleyrodidae) have found no signs of death caused by fungi in the targeted insects (VILLACARLOS et al., 2003) .
In addition, Padulla (2007) studied B. bassiana infections of Diaphorina citri (Kuwayama) (Hemiptera: Psyllidae) and as observed here, there were similar symptoms in cadavers, such as a reduced body volume, without any sign of conidiogenesis.
Nevertheless, a high percentage of total mortality implies a reduction of the pest population. However, conidiogenesis in cadavers is an important factor in the conservation of the disease and fungal conservation in the field but is directly linked to environmental conditions as well as the isolate and host size (ALVES, 1998) . Furthermore, after fungal penetration through the insect tegument, death can occur indirectly, through mechanical damage, nutrient exhaustion and physiological/biochemical alterations, and/or directly, via intoxication and organ dysfunction (HAJEK; ST. LEGER, 1994; ALVES, 1998). Thus, it is possible that in dead insects without any presence of fungi on their surface, the pathogen was not able to complete its cycle of infection, which according to Shimazu (1994) , is a relatively common phenomenon.
The other evaluated fungal species total mortality of the insects did not reach 30% (Table  1 ). The variation in mortality caused by different species highlights the importance of testing each species to identify appropriate isolates to be used for a particular pest.
The genus Beauveria stood out from the other entomopathogenic fungi, showing the highest percentage of both total and confirmed mortality. The high activity of Beauveria spp. related to microbial control is well known, with several successful examples being reported (ALVES et al., 2010) , which can be attributed to the ability of these fungi to produce a variety of secondary metabolites involved in pathogenesis and virulence as well as exhibiting more proteins and enzymes related to cellular metabolism. Additionally, these fungi exhibit an increased number of genes that encode toxins similar to those of bacteria compared with other species of entomopathogenic fungi (XIAO et al., 2012) .
Biological characterization
Regarding the vegetative growth, Unioeste 38 showed the greatest mean diameter (3.2 cm), followed by the isolates CNPSo Bb 134, Unioeste 44 and CG 716, all of which exhibited significant differences from each other. Rohde et al. (2006) , Santoro et al. (2008) and Petlamul and Prasertsan (2012) observed significant variations among the analyzed isolates as well.
The isolate Unioeste 38 also produced the greatest number of conidia in artificial medium (SM), at 13.0 × 10 7 conidia colony -1
, with a positive correlation between colony size and production. Similar results were observed by Potrich et al. (2006) and Petlamul and Prasertsan (2012) . The other isolates showed significant variation, ranging from 0.1 to 4.4 × 10 7 conidia colony -1
. Regarding the production of conidia on rice, CNPSo Bb 134 exhibited the highest production (4.7 × 10 7 conidia g -1 rice), although it was statistically similar to Unioeste 44, which produced 4.2 × 10 7 conidia g -1 rice ( Table 2 ). The high production of both isolates in rice is a important result because Unioeste 44 caused the greatest percentage of total mortality in Paraguay tea ampul, and CNPSo Bb 134 displayed the best conidiogenesis in cadavers (30.8% confirmed mortality), which is of great importance when we take into account the spread of the disease in the field. Table 2 . Colony diameter and conidial production (± SEM) of conidia in synthetic culture medium and cooked rice culture medium among four Beauveria bassiana isolates, after 7 days of incubation (26 ± 1°C, 12h photophase). Means (± SEM) followed by the same letter in the column do not differ by the Tukey test (P <0.05).
Isolates
The values obtained through this type of testing vary greatly among studies. However, it is difficult to compare results because a number of factors, such as incubation conditions, the type and quality of the culture medium and the genetic variability of isolates, can influence such results (POTRICH et al., 2006; ROHDE et al., 2006) . The variation in production by the isolates, observed among different culture media, is noteworthy, as observed for Unioeste 44, which showed the lowest conidial production among the isolates in synthetic medium, but the second highest production in rice.
Regarding insecticidal activity, all isolates showed similar results from pre-selection study, even exposing the insects body to higher conidial concentration, mortality range from 61.3 to 82.2%. So no statistical difference between mortality caused by the isolates was observed (Table 3) . As observed previously, confirmed mortality was low and rang from 13.8 to 23.8%, with no statistical difference.
Based on virulence assay, Unioeste 44 isolate has a good potential to cause great impact on insect population.
The use of entomopathogenic fungi for biological control involves high conidia production, obtained through a large-scale process, which must have low cost (e.g., using cooked rice). In addition, high-virulence isolates exhibiting poor development on rice (large scale culture media), as observed for Unioeste 38 in this study, cannot be recommended as biocontrol agents. Thus, we conclude that biological characterization including the parameters evaluated in the present study is necessary to develop a biological control program for a particular pest. Table 3 . Total and confirmed mortality (± SEM) of Gyropsylla spegazziniana caused by Beauveria bassiana isolates on the 3 rd , 6 th and 10 th days after fungus application (1 × 10 9 conidia mL -1 , 26 ± 1°C, 12h photoperiod, 60 ± 10%). 17.7 ± 6.4 Aa 32.5 ± 1.9 Aa 14.4± 7.5 Aba 64.7 ± 13.1 A 18.8 ± 0.8 CG 716
11.9 ± 7.2 Aba 22.6 ± 10.0 Aba 26.5± 9.4 Aa 61.9 ± 11.5 A 13.8 ± 0.6 CNPSo 134
18.3 ± 1.8 Aa 28.7 ± 5.1 Aa 14.4± 1.6 Aba 61.3 ± 10.9 A 22.4 ± 0.9
* Original data are shown; for statistical analyses, the data were arcsin (√x/100) transformed Means (± SEM) followed by the same capital letters in a column and small letters in a row do not differ significantly by the Tukey test (P <0.05). Treatment × Time = 0.271; independent factors.
Molecular characterization
The molecular characterization of the isolates revealed no polymorphism in the length of the rDNA region among the isolates of Beauveria spp. as a fragment of approximately 540 bp was amplified for all isolates. The sequences of fragments were compared with data from GenBank, and the isolates were characterized as B. bassiana or B. brongniartii with a high degree of identity, with only 6 different nucleotides being observed between the two species. The analyzed isolates came from different hosts and geographic locations (Table 1) . Nevertheless, in the consensus tree based on ITS sequences, the isolates were distributed into three distinct groups: those identified as B. brongniartii were all grouped together (Group A) and were separated from those identified as B. bassiana, which were partitioned into groups B and C, the latter of which included only Unioeste 38 (Figure 1) . The potential use of virulent isolates to control the Paraguay tea ampul suggests the need for molecular confirmation of the taxonomic identity of the fungus.
The obtained RAPD patterns revealed 225 loci, most of which (92.9%) were polymorphic. The size of the amplified bands ranged from 250 bp to 2500 bp, and the number of bands present was 4 (OPB 1, OPB 8 e OPD2) a 17 (OPAC 3). The isolates were divided into groups A and B, with a similarity level above 40% between them. Group A was represented by the isolates of B. brongniartii (except Unioeste 38), with over 60% similarity being observed between them, except for the isolate CNPSo 134, which showed less similarity to the others (41%). Group B included only B. bassiana species, with 55% similarity (Figure 2 ). The proportion of monomorphic loci between the most virulent isolates was low (16.2%). Although some studies have reported a relationship between the molecular profile of isolates of entomopathogenic fungi and their initial host (CARNEIRO et al., 2008; OLIVEIRA et al., 2011) or geographical origin (FERNANDES et al., 2009 ), such a relationship was not found in the present study, either through analysis of the rDNA-ITS region or the groups generated via RAPD analysis, similar to the results of Becerra-Velásquez et al. (2007) and Mendonça et al. (2012) .
Regarding RAPD profiles and virulence profiles, Group A consisted of the less virulent isolates, except for Unioeste 38 and CNPSo 134, whereas Group B included only more virulent isolates than the other group. The sequencing of the rDNA region showed similar results, except for Unioeste 38, which formed a separate group. This relationship between RAPD profiles and virulence was also observed by Santoro et al. (2008) and Carneiro et al. (2008) , who observed clustering of the most virulent isolates, although some isolates of low pathogenicity belonged to the same group.
It was recently suggested that B. bassiana is a nonspecialist entomopathogen, with the environment being one of main selective factors in the genotypic evolution of this species (FERRI et al., 2012) . In line with this suggestion, high genetic variability has been demonstrated among entomopathogenic fungi, and the level of polymorphism can be highly variable even within the same species (FERNANDES et al., 2006) . Thus, the isolates of genus Beauveria presented higher activity against the ampul, and it can be concluded that the Unioeste 44 isolate show great potential for the control of G. spegazziniana. Furthermore, from a practical standpoint, Unioeste 44 and CNPSo 134 isolates good conidial production in rice (large-scale production method) and the last isolate caused the second higher confirmed mortality among the evaluated isolates, demonstrating great potential for use in a future biological control program targeting the Paraguay tea ampul.
Studies performed under field conditions will be necessary to verify the insecticidal activity of these isolates. Additionally, rDNA-ITS and RAPD markers can be employed to identify isolates of Beauveria spp. and are useful for detecting inter and intra-specific variability within this genus. Thus, these markers could be applied in biological pest control programs.
